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Bilateral Haptic Collaboration for Human-Robot Cooperative Tasks
G. Salvietti1,2⇤ , Z. Iqbal1⇤ and D. Prattichizzo1,2

Abstract—The aim of this paper is to introduce the concept of
bilateral haptic cooperation as a novel paradigm for human-robot
cooperative tasks. The approach is demonstrated with a system
composed of a soft gripper and a wearable interface. The soft
gripper, called CoGripper, has been designed to guarantee a safe
interaction giving the possibility to the operator to reconfigure
the device according to the object to be grasped. The wearable interface is used to control the open/close motion of the gripper and
to feedback information about important task parameters, e.g.,
the grasp tightness. The result is a bilateral haptic collaboration
where human and robot bidirectionally communicate through
the interface. The user interaction with the system is extremely
intuitive and simple. We performed three user studies to prove
the effectiveness of bilateral haptic collaboration involving ten
subjects. Results confirmed that the use of the wearable interface
reduces the time to accomplish a cooperative task and enables a
better control of the grasp tightness.
Index Terms—Human-Centered Robotics, Grippers and Other
End-Effectors, Haptics and Haptic Interfaces

A

I. I NTRODUCTION

UTOMATION of production processes has revolutionized manufacturing over the last fifty years. However,
there are still many manufacturing tasks that are tedious
or strenuous for humans to perform. Some of these tasks
are difficult to automate because they require robots and
workers to collaborate in close proximity and adapt to each
other’s decisions and motions [1]. Rather than fully automating
such tasks (which may not be possible and/or cost-effective),
human-robot collaboration may enable safe and effective task
execution, while reducing tedium and strain of the human.
Collaborative robots, also called cobots, have been thus designed with the aim of sharing the same workspace with a
human operator [2]. This has led to a novel generation of
robotic arms that can safely interact with a user. Remarkable
examples of these commercially available robots are the Panda
(FRANKA EMIKA, Germany), the LBR iiwa (KUKA, Germany) and the Sawyer (Rethink Robotics, USA). A unifying
concept among these robots is the capability to compliantly
react to a collision, as opposed to the stiff behaviour of
classical industrial robots.
More recently also collaborative robot end-effectors have
been proposed since, most of the time, these are the parts
of the robot that interact with the human partner. In [3], we
introduced design guidelines for soft cooperative grippers and
we proposed a preliminary version of a cooperative gripper
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Fig. 1. The CoGripper and its ring-shaped interface. The ring provides
vibrotactile haptic feedback about the grasp information coming from the
gripper.

that we called CoGripper. Also, few commercial products are
designed for collaborative robotics, see e.g., the Schunk CoAct Gripper [4] and the RG6 Collaborative Gripper [5].
However, to achieve an effective collaboration, the robots
should not only be safe and respond to a human command but
should also be able to communicate with the human collaborator, as this is an important feature for human dyads [6].
The way humans and robots communicate is an important
issue to solve when designing a human-robot collaborative
architecture [6]. Among the possible solutions available in the
literature, we do believe that the sense of touch can be the
primary channel of communication between the worker and
his/her artificial mate. One of the main reasons to support this
choice is the robustness of the sense of touch. Such robustness
comes from the full distribution on the human body of the skin,
the organ where the receptors of touch reside, that consents to
position an interface in different parts of the body leaving free
the other important organs (e.g., ears and eyes) for the task
execution. This aspect may be of particular interest in a factory
scenario where acoustic communication may be impaired by
personal protective equipment whereas visual displays may
not always be on the field of view of the worker during
different task execution phases. Recent results on wearable
haptics [7], [8], have strongly reduced the form factor of haptic
displays making possible to wear it on the hand. First attempts
to let the robot communicate with the human companion
through haptics are available in the literature. For instance,
Casalino et al. presented in [9] a wearable vibrotactile device
used to improve the operator awareness during a human-robot
collaborative assembly task. A vibration acknowledged to the
operator that the robotic system had predicted over a certain
confidence the next action of the operator. In [10], wireless
vibrotactile displays were designed to inform the operator
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about excessive overloading of body joints and to suggest a
more ergonomic posture. In both these examples, the haptic
interfaces are used to inform the human that the robotic system
detected a certain behaviour of its collaborator.
The concept of bilateral haptic collaboration introduced in
this work goes beyond the simple communication of intention
or posture detection. The interface we propose can be used
both to control the robotic gripper motion and to haptically
display information related to the tasks that are measured
by the robot. As a paradigmatic example, we propose the
collaborative gripper system reported in Fig. 1. A ring-shaped
interface can be used to control the open/close motion of a
collaborative gripper through two embedded switches. The
ring embeds also a vibrotactile motor that can be used to
feedback information about the cooperative task execution,
e.g., the grasp tightness measured by the gripper. In [11],
we introduced the idea of a vibrating ring for the interaction
with a wearable assistive device designed for stroke patients.
Differently from [11], in this work we use the ring-shaped
interface both for the control of the open/close motion of a
gripper and for the communication of important tasks related
parameters, e.g. grasp tightness and acknowledge of a gripper
status.
We conducted three user studies to investigate the possible
usage of the system in human-robot cooperative tasks. In the
first, we evaluated whether the presence of haptic feedback
from the gripper would reduce the time to complete a collaborative hand-over task and better regulate the grasp tightness. In
the second study, we evaluated the perceived system usability
when the interface is used to display task information. We
consider the case where the gripper can autonomously detect
the presence of an object through a proximity sensor embedded
in its palm and the ring interface is used to display the
acknowledge of a gripper status, i.e., of the start of the
closing motion and the reaching of a predefined level of grasp
tightness. Finally, in the third example, we compared in terms
of completion time the usage of the ring interface with the
usage of a button interface at the end-effector for a mockup
of a human-robot collaborative task.
The rest of the paper is organized as follows. In Section II
the collaborative gripper system is described in detail. In
Section III the three user studies and their relative results are
reported. Section IV reports a discussion on the possible use of
bilateral haptic collaboration, whereas in Section V conclusion
and future work are outlined.
II. T HE C OLLABORATIVE G RIPPER SYSTEM
In this section, we briefly recall the main features of the
CoGripper and we introduce a novel wireless ring-shaped
interface that is used to control the gripper and to display
vibrotactile feedback. With respect to its preliminary version,
the novel gripper includes a proximity sensor (sonar) located
on the palm to detect the presence of an object in the gripper
workspace. The novel wearable interface is a completely
redesigned ring-shaped device, which embeds a vibrotactile
motor that enables bilateral haptic collaboration. A Bluetooth
communication protocol between the interface and the gripper
allows a bilateral data flow.

A. The CoGripper
The CoGripper is a soft tendon-driven modular gripper that
has been designed following the guidelines reported in [3].
Exploiting compliance with underactuated soft hands is an
active research branch for the design of novel robotic endeffectors that has led to interesting solutions and prototypes,
like the Pisa-IIT hand [12] and the SDM hand [13].
The CoGripper has four soft fingers, each made up of soft
and rigid modules, connected to a palm. The CAD model
of the gripper is shown in Fig. 2, whereas the 3D printed
prototype is reported in Fig. 1. Each finger has a modular
structure where each module consists of a rigid 3D printed link
realized in ABS (Acrylonitrile Butadiene Styrene, ABSPlus,
Stratasys, USA) and a 3D printed thermoplastic polyurethane
part (Lulzbot, USA) that acts as the flexible joint. Following
the approach presented in [14], it is possible to regulate the
stiffness of the flexible joints to achieve a desired closing
trajectory for each finger. In [3], we regulated the stiffness
to obtain different behaviours for the two pairs of fingers in
the gripper. In this version, all the four fingers have the same
closing trajectory designed for power grasps. A tendon-driven
approach is used to actuate the fingers. Two Dynamixels MX28T (Robotis, South Korea) are used for the actuation. Each
motor moves a pair of fingers. A differential mechanism [15] is
embedded on the gripper base to adapt fingers’ configurations
to the specific geometric features of the grasped object. All
the fingers can be manually rotated to any configuration. The
Arbotix-M controller (Robotis, South Korea) is used to control
Dynamixel actuators of the soft gripper.
We have added an ultrasonic (HC-SR04) sensor module
in the middle of the palm in the version of the CoGripper
proposed in this work, see Fig. 2. The sonar sensor provides
a detection range from 2 to 40 cm. The sensor exploits the
concept of ultrasonic waves. The transmitter sends a burst of
ultrasonic waves. When the waves encounter an object these
are reflected back and received by the receiver. The receiver
converts the ultrasonic waves into an electrical signal to be
read by the main controller. The distance is calculated by
measuring the time difference between sending a signal and
receiving its echo. The sensor can detect when an object enters
a predefined grasping area and can provide this information to
the main controller triggering the closure of the gripper.
The main technical features of the CoGripper and its
actuation system as well as an experimental evaluation of
the payload and the maximum horizontal resistive force are
detailed in [3].
B. The wearable ring-shaped interface
The control interface of the CoGripper is a ring-shaped
device, whose CAD exploded view is shown in Fig. 3. The
proposed prototype is shown in Fig. 1. The ring configuration
has been chosen to obtain an interface highly wearable and
portable [11]. The user wears the remote ring on the index
finger. The position of the buttons allows using the interface
simply moving the thumb. Although the ring is realized in
ABS material, the thickness of the ring shape is chosen to
provide enough flexibility to fit on different finger sizes. The
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TABLE I
H IGH - LEVEL CONTROL OF THE SYSTEM
Control mode
Ring-controlled
Right PB, single
trigger
Left PB, single
trigger
Self-close mode
Sonar detection
Left PB, single
trigger

Fig. 2. The CoGripper: A wireless underactuated ”tendon-driven” gripper
with four flexible fingers. Modules can be assembled with different stiffness
values at flexible joint level, obtained changing 3D-printer parameters during
manufacturing.

Fig. 3.

CAD exploded view of the remote ring interface for the CoGripper.

remote ring consists of a very compact structure containing
all the electronics. It has two push-buttons currently being
used to control the gripper. Ring controller (ATtiny45) receives
the activation signals from the push-buttons and wirelessly
transmit them to the actuator main controller, which in turn
controls the motion of the gripper according to the “high level”
control strategies summarised in Table I. Bluetooth (RN42i/RM) module is used to transmit and receive all the relevant
information. A coin type shaft-less vibratory motor (Precision
drive, USA) with a diameter of 10 mm is installed in the ring
for the tactile feedback. A reduced dimensions Li-Ion 3.7 V
rechargeable battery is used to power up the remote ring.
C. High-level control
The soft gripper can be operated in two different modes
both actuating all the four fingers. In the first mode, called
ring-controlled mode, the remote ring is used to control the
activation of the gripper. The user pushes a button to activate
the flexion of the gripper. When the flexion motion is initiated
the gripper starts to close by increasing the torque of the
actuators. The user can stop the closure of the fingers at
any moment by pressing the same push-button again. Once
contact is detected thanks to the torque sensors available in the
servomotors, the remote ring provides vibrotactile feedback to
the user, proportional to the force exerted on the object.
To relate the variation of a signal to the variation of
vibration there are several techniques mostly focusing on

Fingers’ motion

Type of feedback

flexion/stop

vibration proportional to measured motor torque
no feedback

extension

flexion
extension

vibration burst on flexion starting and when motor torque
reaches a predefined threshold
no feedback

the modulation of amplitude or frequency of the generated
vibration [8]. Considering the vibrating motor installed in the
ring, we decided to generate different perceivable levels of
vibrations by regulating the frequency of consecutive active
vibrations. The feedback consists of a train of vibratory bursts
whose frequency increases proportionally to the increase of the
measured torque at motors. Controlling the time of vibration
and the time between two consecutive vibrations, it is possible
to generate different patterns of stimuli that can be clearly
perceived by the user, as demonstrated in Sec II-D3. extension
of the gripper’s finger is activated. The extension of the fingers
can be activated with a single click of the second push-button.
The gripper can also work in the self-closing mode. In
this modality, the sonar sensor in the palm is used to trigger
the closing motion. When the object enters the predefined
graspable area defined in the workspace of the fingers of
the gripper, a single burst of vibration (1 s) is displayed to
the user through the ring interface. This alerts the user that
the gripper is automatically initiating fingers’ flexion. When
the motor torques reach a predefined threshold, the gripper
automatically stops the closing motion and a longer vibration
(2 s) is provided to the user. The extension of the gripper’s
fingers can be triggered by the push button.
In self-closing mode, the vibrotactile feedback is used to
alert the user about the current state of the gripper, whereas
in ring-controlled mode the vibrotactile feedback is used to
display the tightness of the obtained grasp. Note that, when
using the self-closing mode, it is possible to disable the sonar
detection by simultaneously pressing both buttons for more
than 2 sec. This option can be used for finger reconfiguration.
When the sonar is disabled, the user can re-orient the fingers
in different configurations according to the size and shape of
the object without triggering the closure of the fingers. It is
possible to switch from ring-controlled mode to self controlled
mode by simultaneously pressing both push-buttons installed
on the ring interface for a duration lasting less than 1.5 sec.
Note that these two modalities represent a subset of all
the possible controllers that can be implemented with the
CoGripper system. In general, it is possible to define a
finite state machine with different gripper states and navigate
through the machine states using a button or a combination of
the buttons.
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D. Perceptual thresholds for the vibrating ring
We ran three experiments to understand how to drive
the vibrotactile ring to evoke the most effective cutaneous
sensations. This preliminary study is necessary in order to
correctly model the vibration feedback proportionally to the
torque/force exerted on the object by the actuators installed on
the gripper. The motor we use is a shaft-less vibrotactile motor.
In this type of motor it is not possible to separately control
the amplitude and the frequency of vibration. For this reason,
we decided to generate a signal where the pulse frequency can
be modulated. For pulse frequency we mean that is possible
to turn off and on the vibrating motor with a certain period to
produce a different type of stimuli. By regulating the length
of this period we regulate the pulse frequency. The vibration
intensity was fixed at 50% of the maximum PWM intensity,
that corresponds to the starting voltage of the vibration motor.
Subjects were required to wear the vibrotactile ring on their
left or right index proximal phalanx. Moreover, to avoid any
additional cue, subjects were blindfolded and wore noisecancelling headphones.
1) Absolute thresholds: Absolute threshold provides us
information about the smallest stimulus length of the vibration
that can provide a perceivable sensation to the user. An
experimental setup involving ten subjects (five female, average
age 34.3) was carried out. The subjects were asked to wear the
ring on their non dominant hand index finger and tell the experimenter when they were perceiving a single vibration. The
absolute threshold was evaluated using an up-down approach
as defined in [16]. The starting stimulus duration was 100 ms.
At every reversal, the stimulus duration was reduced by a step
size whose duration started from 16 ms and was reduced by
half every reversal. We considered the task completed when
five reversals occurred. Each subject was asked to repeat the
experiment five times. The mean value of minimum stimulus
duration required to produce a perceivable perception was
recorded to be 40 ms. Below this value, the users were not
able to perceive any vibration.
2) Differential thresholds: For the case of the differential
threshold, the same up-down approach was followed. The
experimental setup was similar to the absolute threshold with
vibration intensity fixed at 50 percent of the maximum PWM
intensity. In this case, the subjects were asked to report when
they perceived two distinct vibrations. This is important in
our application since we modulate pulse frequency. If the user
perceives the train of vibration burst as a single vibration,
he/she cannot recognize a variation of the stimulus. Again a
step size of 16 ms was used with half on every reversal, upon
five reversals the task was considered completed. The mean
value evaluated was 100 ms. This value tells us that if the
stimulus length is less than 100 ms the user perceives a single
vibration rather than perceiving two distinct vibrations.
3) Perception of vibration: To demonstrate that a more
precise regulation of grasping tightness can be achieved by
using vibratory feedback, we carried out an experiment where
the participant were provided with three different level of
stimulus intensity: weak (pulse period 3 Hz), medium (pulse
period 6 Hz), and strong (pulse period 10 Hz). Each participant
tested five stimuli for each intensity level. The stimuli were

(a)

(b)

Fig. 4. User study on ring-controlled mode. (a) shows how objects were
hand over to the gripper. The thumb of the left hand is used to control the
gripper. (b) The five objects used for the study. From the left: a cleaner bottle
(⇠ 1 kg), a chips tube (⇠ 200 g), a coffee jar (⇠ 400 g), a mustard bottle
(⇠ 600 g) and a wood block (⇠ 800 g).

Fig. 5. Perception of weak, medium of strong vibration feedback. Number
on the top of the columns report the success answers of the participant of a
total of 50 trials.

provided in a random manner and the participants were asked
to differentiate between different stimuli. Prior to the experiments each participant was trained for three raw trials and was
provided with the necessary information. Upon receiving the
vibratory feedback the participant has to announce two things,
firstly if there was a feedback or not and secondly, if there was
a feedback, whether it was weak, medium or strong. The total
number of stimuli were fifty in each case. Out of 50 stimuli,
the successful perception of weak, medium and strong stimuli
was 86%, 88% and 96% respectively as shown in Fig. 5.
III. U SER STUDIES
The main goal of this paper is to introduce the concept of
bilateral haptic cooperation as a novel paradigm for humanrobot cooperative tasks. The wearable haptic interface plays
a major role since it allows both to control the gripper and
to perceive robot action through the vibrotactile feedback. We
conducted a user study involving ten subjects (four females,
average age of 28.3 years) to prove the effectiveness of
bilateral haptic cooperation. All participants were students
or employees of the University of Siena and participated
voluntarily. At the beginning of the experiment, all participants
gave informed consent where the potential risks during the
experiment were mentioned. The study was approved by our
departmental Ethical Committee. All participants were naive
to the specific design of the study focusing on the influence
of haptic feedback modalities on cooperative tasks. In the
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Fig. 6. Motor torque. Means and standard deviations of the commanded
motor torque are plotted for the two conditions (feedback of the grasp tightness
and no feedback) for the five considered objects. The first bar for all objects
shows feedback and the second one is without feedback
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The goal of this study is to test whether a feedback signal
proportional to the force exerted by the gripper on the grasped
object can improve the gripper usage. To this aim, the user
perceives a vibration on the ring interface that is proportional
to the torque exerted by the servomotors. The open/close
motion of the gripper is controlled by the user through the
two buttons available in the ring. The right button is used for
finger flexion and the left button is used for the extension
of the fingers, see Table I. It is possible to stop the motion
by pressing again the same button. All the four fingers are
contemporarily actuated. The torque is measured through the
control board of the servomotors. The average torque between
the two motors is computed and then mapped into a value of
pulse frequency (period of active vibration) for the vibromotor
and sent to the interface via Bluetooth. According to the results
reported in Sec. II, the torque values are mapped into a range
of pulse frequency going from 2 to 10 Hz.
The participant tested the interface to get familiar with
the controller and the feedback for a total of five minutes
before the starting of the experiment. After this testing period,
the participants were asked to hand over five objects to
the CoGripper. The CoGripper was fixed to passive support,
see Fig. 4-(a). The five objects were selected among those
available on the YCB set [17] and are shown in Fig 4-(b).
The objects were selected to have different weights ranging
from about 200 g of the chips tube to the kilogram of the
cleaner bottle. Participants were instructed to use the ring to
start the closing motion and to stop the motion as soon as
they felt confident about grasp stability. The closing velocity
of the motors was set to 8 mm/s to provide enough time
to the user to recognize a torque variation. For each object,
the hand over task was repeated six times. Haptic feedback
was randomly provided for half of the time. In total, each
subject performed 30 hand over grasps, 15 of them being
provided with the haptic feedback. We compared the torque
reached by the motors for each object with and without the
force feedback. Results are reported in Fig. 6. As expected,
for lighter objects less torque was commanded to execute the
grasps. For all the objects, the torque commanded when the
vibrotactile feedback was activated resulted lower. A paired Ttest analysis [18] revealed a statistically significant difference

2.5

Chips

A. Ring-Controlled mode and grasp tightness feedback

3

Completion time (s)

following, we describe the three user studies and we report
the results.
The first study focuses on controlling the gripper using
the wearable ring while being provided with a continuous
feedback about the grasp tightness. The second study focuses
on the possibility of using the ring to display information about
the gripper status when the self-closing mode is activated. In
the third study, we considered a mockup of a human-robot
collaborative task, where the robot picks an object, moves it to
a location where the user performs an operation on the object,
and eventually leaves the object in a predefined position. The
user study is based on evaluating the completion time using
the wearable ring compared to buttons at the robot arm endeffector.

5

Fig. 7. Completion time. Means and standard deviations are plotted for the
two considered conditions (feedback of the grasp tightness and no feedback)
for the five considered objects. The first bar for all objects shows feedback
and the second one is without feedback

between the average torques obtained with tactile feedback
and with no feedback condition (p < 0.001) for each object.
We also considered the time to achieve every single grasp.
As the user initiates the closing motion of the gripper, a
timer was activated and run until the motion of the gripper
was stopped. Average completion times for each object are
reported in Fig. 7. Lighter objects were grasped more quickly
since they required less torque to be firmly grasped. A paired
T-test analysis revealed a statistically significant difference
between the average time needed to grasp an object when
tactile feedback was activated with respect to the no feedback
condition (p < 0.001) for each object.
B. Self-closing mode and haptic communication of gripper
status
The goal of the second experiment is to show the possibility
of using the ring interface as a means to inform the user
about relevant task parameters. We considered the CoGripper
controlled using the self-closing mode (see Table I). In this
control mode, the gripper autonomously detects the presence
of an object in its workspace and starts to close the fingers.
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TABLE II
I TEMS OF THE S YSTEM U SABILITY S CALE
I think that I would like to use this system frequently
I found the system unnecessarily complex
I thought the system was easy to use
I think that I would need the support of a technical person to be able
to use this system
I found the various functions in this system was well integrated
I thought there was too much inconsistency in this system
I would imagine that most people would learn to use this system very
quickly
I found the system very cumbersome to use
I felt very confident using the system
I needed to learn a lot of things before I could get going with this
system

The flexion of the fingers is automatically activated when the
object is detected through the sonar sensor at a distance of
3 cm from the palm. The user may not be sure about the
correct distance for activating the closure or may not be sure
about a correct object detection by the sonar sensor. To help the
user understand the gripper status, a vibration burst lasting for
1 s is generated at the ring side at the starting of the fingers’
flexion. Grasp tightness is another parameter that could be
difficult to visually understand in this control mode since the
gripper keeps closing until motor torques reach a predefined
value (2 Nm in our experiment). For this reason, once the
torque limit is reached, a vibration lasting for 2 s is provided
to the user through the wearable interface and the user can
safely leave the object.
We asked the participants to perform five hand over grasps
of the coffee jar using the system. Then, we asked the
participants to answer the ten questions of the system usability
scale (SUS) [19] to evaluate the utility of the feedback in the
proposed task. The SUS is used to evaluate the subjective
assessments of usability. SUS yields a single number that
represents a composite measure of the overall usability of the
system being studied. It is a Likert scale where it is possible
to answer to each item with a mark ranging from 1 “strongly
disagree” to 5 “strongly agree”. Items of the SUS are reported
in Table II. SUS scores range from 0 to 100, where 0 means
awful and 100 represents excellent. A SUS score above a 68 is
considered above average. Details on how to compute the final
mark can be found in [19]. The bilateral haptic collaborative
system got an average score of 97.25 with a standard deviation
of 4.15.
C. Mockup of a human-robot collaborative task
The goal of the third study was to prove the potential of
bilateral haptic communication in a mockup of a human-robot
collaborative task involving a collaborative manipulator, the
Sawyer arm (Rethink Robotics, USA). We tested two possible
scenarios. In one case, the interface was worn on the hand
in its ring position allowing also the possibility of haptic
feedback. In the other case, the interface was placed next
to the end-effector to resemble the location of the button
already available in the robotic arm for the control of standard
Sawyer gripper. The task was separated in three main phases:

i) object grasping, ii) human operation and iii) object deposit,
see Fig. 8. In the first phase, the CoGripper approached the
object, a 2 cm diameter pipe, in a predefined location. The
self-closing mode was used and the CoGripper started to close
once the object was close enough to the palm. Note that with
the ring interface it would have been possible to remotely
control the grasp whereas it would not be possible to press
the button on the arm due to the table. The robot grasped the
pipe and moved toward the human operator. In phase two,
the operator had to draw three circles around the pipe, in
correspondence of three marked dots, see Fig. 9. Drawing
circles is representative of possible manual processing on the
object. The three semicircles on the upper part of the pipe
can be drawn starting from the object configuration at the
beginning of phase ii. To complete the circles, the object has
to be rotated by roughly 180 degrees to show what previously
was the bottom part and allow the operator to finish the circle
drawing. The operator had to open the CoGripper using one
button on the interface and to reposition the pipe close to the
palm to activate the self-closing procedure and thus complete
the pipe rotation.
Once the three circles were completed, the participant
pressed one button on the interface and activated the next
phase. In phase three, the robot arm waited 10 seconds in
the initial position to allow the paint to dry and then moved
toward the final deposit position. Once the robot reached
the final position, the operator opened the CoGripper using
the interface. Screenshots of the three phases are reported
in Fig. 8. In Fig. 9, we report two interesting particulars
of the task execution. On the left side, it is reported the
configuration of the CoGripper fingers used for grasping the
pipe. This orientation of the fingers allows to grasp relatively
small diameter pipes and was easily achievable thanks to the
reconfiguration capabilities of the CoGripper. On the center,
we report the operator’s hand while performing the second
phase. When the interface is worn as a ring, it is possible to
activate the gripper keeping the object grasped. The position
of the button on the ring can be easily accessible with the
thumb and leave the possibility to keep the object with the
remaining part of the hand.
Each task was repeated five times. We evaluated the time to
complete all the three phases for the two proposed scenarios,
ring-worn interface and buttons at the end-effector. Results are
reported in Fig. 10. The task was completed with an average
time of 57.8 s and 66.4 s using the ring and the button at
end-effector, respectively. A paired T-test analysis revealed
a statistically significant difference (p < 0.01) between the
average time needed to complete the task using the ring
interface and the button at end-effector interface.
IV. D ISCUSSION
Bilateral haptic collaboration is a novel concept that indicates the possibility of a bidirectional communication between
the human and robot through the sense of touch. In this work,
this concept is introduced considering a collaborative grasping
system that consists of a collaborative gripper and a ringshaped interface. We do believe there is a broad class of
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Fig. 8. Collaborative task. On the left side, the first phase of the task when the robot autonomously grasp the pipe. In the center, the second phase when
the human operator draws the three circles on the pipe. In right side, the last phase where the object is deposited.

Fig. 9. Particulars of the collaborative task. On the left side, how the object
is grasped using the reconfigurability of the fingers. On the center, the hand
of the human operator together with the ring interface is shown. On the right
hand side, the pipe before (up) and after (down) the operator drawing.
p<0.01
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Fig. 10. Completion time. The blue column represents the average time
needed when using the ring interface, whereas the red column represents the
average time used to complete the task using the button interface at the endeffector.

cooperative tasks that may benefit from the proposed system.
For instance, the wearability of the interface allows to hold
the object with both hands during hand over, a feature that
may result important for long objects or for fragile objects as
it was showed in Sec. III. The feedback of the grasp tightness
is intuitively important when fragile objects are manipulated.
However, as we demonstrated in Sec. III, information about
the grasp tightness reduces the time to fulfill a hand over task
and reduce also the necessary torque. Using less torque, and
in general, a more efficient control of the motor torque, is
beneficial beyond the manipulation of the fragile object. In
fact, a reduction of torque results also in a reduction of battery
consumption that may be an important issue when using the
CoGripper with passive supports since only batteries are used
as power supply.
The use of the interface as a means for acknowledging
gripper status has been also very positively evaluated by the
participants as demonstrated by the high value of the SUS.
The need for awareness in human-robot interaction is a well
know concept in literature [20]. Solutions based on visual or

acoustic signals [21], [22] may not be the preferable solutions
in industrial scenarios where auditory and visual modalities
might be not available to accomplish a task since the human
is focusing his view on finding and picking objects or may be
impaired due to personal protective equipment, e.g., a worker
wearing noise cancelling headphones. Our proposed solution
resulted in efficient, simple and intuitive to use. The possibility
of feedback continuous signals as the grasp tightness measured
while grasping and also discrete events such as the reaching
of a torque threshold is a unique feature of the proposed
vibrotactile ring.
Observing users testing our system, we also collected interesting information about the limitations of the current setup.
For instance, some users needed to look at the interface before
pressing the correct button (left or right). Although this may
be solved after a period of training, this distraction may reduce
the effectiveness of the system. Two female participants with
relatively small hands needed additional foam parts to better fit
the ring at the index finger. In the long term, the interface could
be directly integrated on a glove to reduce possible fit and
wearing problems. At the moment, if a gripper reconfiguration
is needed, the user has to leave the object, re-arrange the finger
orientation and then take again the object and perform the hand
over. If finger reconfiguration could be directly controlled with
the ring interface acting on dedicated motors on the CoGripper
there would not be any necessity to leave the object.
It is also worth observing that the evaluation of the effectiveness of the communication between robot and human is still
at the beginning and no standard guidelines are available at
the moment. Different cooperative tasks may present different
results as well as different working conditions may influence
the reliability of tactile feedback. However, we do believe that
the results reported in this paper are the first step toward the
study of a possible bilateral communication in cooperative
tasks where haptics may play a central role.
In the proposed application to collaborative tasks, the possibility of sending haptic signals to the operator could also
be exploited to optimize productivity. As an example, the
operator could use machine working time (e.g., in the proposed
experiment the time need for the paint to dry) to perform
another task. When needed, the operator could be alerted with
a vibrotactile signal to come back closer to the robot arm.
Using tactile signals, it is not necessary to have eye contact
with the robot arm and thus the operator could concentrate on
the parallel task. Moreover, wearing the interface reduces the
total movements of the operator that can control open/close
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motion just using the thumb as shown in the completion time
reduction reported in Sec. III.
V. C ONCLUSIONS
This paper introduces the concept of bilateral haptic collaboration. A novel system including a CoGripper having a
sonar sensor to detect the proximity of the object and a new
remote ring-shaped interface embedded with a vibrotactile
motor are presented as a testing system for a user study
involving ten subjects. This paper sheds light on the importance of bilateral communication between the worker and the
collaborative robot. We carried out three different user studies
emphasizing the importance of haptic feedback during humanrobot collaboration. The user is provided with a continuous as
well as discrete vibration feedback pertaining to the gripping
force and state of the gripper respectively. This novel interface
is a first step towards bridging a communication gap between
humans and robots.
The proposed model of human-robot communication could
be exploited by the robotic community to investigate the role
of the human and the role of the robot in hybrid dyads. For
instance, it will be possible to focus on the way the human can
communicate his/her intention to the robot. As an example, it
will be possible to study for which tasks it is preferable to
explicitly declare an intention to the robot using the switch
button and for which tasks it is better that the robot implicitly
understands the human intention by using the sonar sensor.
Currently, we are evaluating different kinds of acknowledgment that can be of great importance in a working scenario. Another important feature that we are embedding in
the interface is a design of tactile buttons with haptic cues,
e.g. different sizes, different roughness etc., for better user
recognition. As future work, we are planning to make the reconfiguration of the gripper automatic providing the user with
an ease to reconfigure the gripper using the same remote ring
interface.
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and O. Khatib, “Progress and prospects of the human–robot collaboration,” Autonomous Robots, pp. 1–19, 2018.
[2] A. Cherubini, R. Passama, A. Crosnier, A. Lasnier, and P. Fraisse,
“Collaborative manufacturing with physical human–robot interaction,”
Robotics and Computer-Integrated Manufacturing, vol. 40, pp. 1–13,
2016.
[3] G. Salvietti, Z. Iqbal, I. Hussain, D. Prattichizzo, and M. Malvezzi, “The
Co-Gripper: A Wireless Cooperative Gripper for Safe Human Robot
Interaction,” in 2018 IEEE/RSJ International Conference on Intelligent
Robots and Systems (IROS), pp. 4576–4581, IEEE, 2018.
[4] Schunk, “Co–act gripper @ONLINE,” Feb. 2018. https://schunk.com/
de en/co-act/.
[5] On Robot, “Rg6 collaborative gripper @ONLINE,” Feb. 2018. https:
//onrobot.com/products/.
[6] K. B. Reed and M. A. Peshkin, “Physical collaboration of human-human
and human-robot teams,” IEEE Transactions on Haptics, vol. 1, no. 2,
pp. 108–120, 2008.
[7] C. Pacchierotti, G. Salvietti, I. Hussain, L. Meli, and D. Prattichizzo,
“The hring: A wearable haptic device to avoid occlusions in hand
tracking,” in Haptics Symposium (HAPTICS), 2016 IEEE, pp. 134–139,
IEEE, 2016.
[8] C. Pacchierotti, S. Sinclair, M. Solazzi, A. Frisoli, V. Hayward, and
D. Prattichizzo, “Wearable haptic systems for the fingertip and the hand:
taxonomy, review, and perspectives,” IEEE Transactions on Haptics,
vol. 10, no. 4, pp. 580–600, 2017.

[9] A. Casalino, C. Messeri, M. Pozzi, A. M. Zanchettin, P. Rocco, and
D. Prattichizzo, “Operator awareness in human–robot collaboration
through wearable vibrotactile feedback,” IEEE Robotics and Automation
Letters, vol. 3, no. 4, pp. 4289–4296, 2018.
[10] W. Kim, M. Lorenzini, K. Kapicioglu, and A. Ajoudani, “Ergotac: A
tactile feedback interface for improving human ergonomics in workplaces,” IEEE Robotics and Automation Letters, vol. 3, pp. 4179–4186,
Oct 2018.
[11] I. Hussain, L. Meli, C. Pacchierotti, G. Salvietti, and D. Prattichizzo,
“Vibrotactile haptic feedback for intuitive control of robotic extra
fingers.,” in World Haptics, pp. 394–399, 2015.
[12] M. G. Catalano, G. Grioli, E. Farnioli, A. Serio, C. Piazza, and A. Bicchi,
“Adaptive synergies for the design and control of the pisa/iit softhand,”
The International Journal of Robotics Research, vol. 33, no. 5, pp. 768–
782, 2014.
[13] A. M. Dollar and R. D. Howe, “The highly adaptive sdm hand: Design
and performance evaluation,” The international journal of robotics
research, vol. 29, no. 5, pp. 585–597, 2010.
[14] G. Salvietti, I. Hussain, M. Malvezzi, and D. Prattichizzo, “Design of
the passive joints of underactuated modular soft hands for fingertip
trajectory tracking,” IEEE Robotics and Automation Letters, vol. 2, no. 4,
pp. 2008–2015, 2017.
[15] R. R. Ma, L. U. Odhner, and A. M. Dollar, “A modular, open-source
3d printed underactuated hand,” in 2013 IEEE International Conference
on Robotics and Automation, pp. 2737–2743, May 2013.
[16] H. Levitt, “Transformed up-down methods in psychoacoustics,” The
Journal of the Acoustical society of America, vol. 49, no. 2B, pp. 467–
477, 1971.
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